A cw room-temperature Cr 4 +:YAG laser, tuning from 1.37 to 1.51 /m, is described. Mode locking of this novel laser is reported for what is to our knowledge the first time.
Femtosecond laser physics has been transformed by the advent of the titanium-doped sapphire laser, which has been mode locked by conventional and novel means (see, e.g., Refs. 1-5) and has yielded pulses as short as 14 fs (Ref. 5 ) from laser oscillators that are stable and can produce several watts of average output power. These mode-locking techniques have been successfully applied to other new laser media, including Cr 3 +:LiSAF, 6 7 which has the potential to be diode pumped. This could result in a relatively convenient and compact femtosecond laser system. Consequently the dye laser will be largely superseded in ultrafast laser applications. Recently this trend has been extended to the nearinfrared spectral region with the generation of femtosecond pulses from Cr4+ :forsterite lasers by using the techniques of additive-pulse mode locking 8 and Kerr lens mode locking9 previously demonstrated with Ti:sapphire lasers. We anticipate that the demonstration of laser action with further vibronic media will extend the spectral coverage of ultrafast solid-state lasers and note that the Cr 4 + ion will be of particular interest in the region from 1 to 2 ,um. In time, cryogenic color-center lasers may be replaced by convenient room-temperature (diodepumped) solid-state lasers. Cr4+:YAG is a laser medium providing gain from 1.34 to 1.56 ,um that has been demonstrated as a cw laser at room temperature, pumped by a Nd:YAG laser in spite of significant excited-state absorption.' 0 It has an upper-state lifetime of -4 Ius and a net peak gain cross section of -4 X 10`9 cm 2 . These parameters are similar to those of Ti:sapphire, and so one may expect that this medium will deliver similar laser performance. We describe here what is to our knowledge the first mode-locked Cr4+ :YAG laser. This spectral region is clearly of particular interest for optical communications and switching, and the potential for a compact diode-pumped laser system delivering tunable femtosecond pulses with watts of average power makes this laser medium exciting. The Cr4+:YAG laser cavity is shown in Fig. 1 . The laser crystal was grown at the IRE-POLUS Institute; its optic axis corresponds to the [0,0, 1] crystallographic axis, and it is 20 mm in length and 6 mm in diameter. The end faces were Brewster angled, and the rod was indium clad and mounted in a water-cooled copper block. The absorption coefficient was -2.5 cm-' at 1.06 /L&m, corresponding to a Cr a 1% output coupler, and the other mirrors were all high reflectors. The laser was pumped by the 1.064-nm output of a cw Nd:YAG laser that was focused through the cavity folding mirror by a lens of 100-mm focal length. Active mode locking was achieved by using a lead molybdate acousto-optic modulator.
The lasing threshold for the complete cavity shown in Fig. 1 iw-/ The demonstrated tuning range was limited by the dielectric coatings on the cavity mirrors. In order to demonstrate ultrashort-pulse generation, we incorporated an acousto-optic modulator in the cavity. This was a high-Q device with a 2-mm aperture that was operated with modulation depths greater than 50%. The rf was applied at -250 MHz, and the laser cavity round-trip time was -8 ns. The laser output was monitored by a fast germanium photodiode and a scanning background-free autocorrelao0 tor with a lithium iodate doubling crystal. When the cavity length was set to the matching point, picosecond pulses at a repetition rate of 125 MHz were observed from 1396 to 1482 nm. This tuning range was reduced compared with that of the cw laser because 0* of the high insertion loss of the acousto-optic modu- pulses. Until the crystal quality, and therefore the 0 1 :
output power with wavelength for increased to 2.2 W when the 1% output coupler was incorporated into the cavity. A brief study was made of the performance of the cw laser. Figure 2 shows the variation of output power with absorbed pump power, which demonstrates a slope efficiency of -5%. This was thought to be limited by thermal lensing in the laser crystal and by the large amount of scatter in the laser medium. The temperature dependence of the upperstate lifetime could also have been a contributing factor. When the pump beam was chopped by a ratio of 50:1, the slope efficiency increased to 12%, which suggests that thermal effects were a problem. We are confident that significantly improved laser efficiency and threshold can be obtained with improved laser crystal quality and more efficient cooling. We tuned the laser by using a quartz birefringent tuning wedge, and the variation of output power with wavelength is shown in Fig. 3 . intracavity power, is improved, additive-pulse mode locking is likely to prove the more successful approach. Some form of adjustable group-velocity dispersion would be desirable to optimize a femtosecond Cr"+:YAG laser. If a standard prism sequence is to be employed, prisms of a transparent material with positive material dispersion around 1.4 /im would be required. Work is currently under way to develop a femtosecond Cr 4+:YAG laser. We speculate that the presence of excited-state absorption, which leads to an intensity-dependent loss corresponding to an inverse saturable absorber, may have an effect on passive mode locking of Cr4+:YAG lasers.
In conclusion, we have demonstrated an actively mode-locked picosecond cw Cr 4+:YAG laser tunable from 1.39 to 1.45 /um. With further improvement in cavity design and laser crystal quality, we anticipate that this laser medium will yield femtosecond pulses tunable from 1.35 to 1.55 ,um.
